INTRODUCTION
Several different types of eye movements can be distinguished: rapid (saccades and quick phases of nystagmus), slow (pursuit and slow phases of nystagmus), and vergence. Such a classification has proved useful because premotor pathways for these functions are partially separate and can therefore be affected to a different degree in pathological conditions. Because the two eyes generally move in tandem, a central generator for eye movements can treat them as a single organ, the 'double eye' of Hering (1868; literal translation of Doppelauge). This concept requires that descending cortical pathways do not directly synapse on motoneurons, but instead on intermediate cells in the brainstem (Schaltzellen, von Monakow, 1905) which in turn distribute the strength of innervation to the three pairs of muscles for each eye. On clinical grounds, these intermediate cells, constituting a 'gaze centre', had been localized in the pons for horizontal gaze and in the pretectum of the mesencephalon for vertical gaze. A number of brainstem syndromes featuring gaze palsies were described in the last century (Foville, 1858; Wernicke, 1877; Parinaud, 1883) . Much remained as speculation until Bender and his associates began exploring the FIG. 1. Parasagittal cut through the brainstem of a rhesus monkey. The third, fourth and sixth nuclei are heavily shaded. The pararaedian pontine reticular formation (PPRF) and the rostral interstitial nucleus of the MLF (rostral iMLF) are immediate premotor areas for generation of horizontal and vertical rapid eye movements. iC = interstitial nucleus of Cajal; mb = mammillary body; nD = nucleus of Darkschewitsch; PC = posterior commissure; MRF = mesencephalic reticular formation; MLF = medial longitudinal fasciculus; sc and ic = superior and inferior collieuli; vn = vestibular nuclei (from Henn el al., 1982a) . Arrow indicates vertical stereotaxic plane.
oculomotor system in the rhesus monkey with stimulation and lesion studies in a systematic way (Bender and Shanzer, 1964) .
A synthesis of present knowledge based on neurophysiological and anatomical research is represented by diagrams in the first two figures. Fig. 1 outlines the relevant anatomical structures for gaze control: the paramedian pontine reticular formation (PPRF) for generating eye movements in the horizontal plane, and the rostral interstitial nucleus of the medial longitudinal fasciculus (rostral iMLF) for generating eye movements in the vertical plane. A functional interrelationship between these areas is proposed schematically in fig. 2 . These areas are part of the brainstem reticular formation.
The concept of the reticular formation has undergone several changes since Moruzzi and Magoun (1949) defined it functionally. They obtained a general activating response with electrical stimulation from an area overlapping but not identical to a region defined anatomically by large neurons with a wide distribution of dendrites and usually many axon collaterals. Brodal (1957) described several subregions within the reticular formation. The concept that parts of it control specific motor function was corroborated by the systematic lesion studies of Bender and Shanzer (1964) who produced gaze palsies experimentally in monkeys. The relevant area in the pontine reticular formation was further elaborated by Cohen et al. (1968) , who introduced the term PPRF. This region was defined functionally as the area which after a lesion leads to a gaze palsy to the ipsilateral side (Goebel et al., 1971) . It comprises medial portions of the nucleus reticularis magnocellularis (or nucleus centralis pontis oralis and caudalis). In the monkey there are two major efferent pathways from the PPRF. The first is to the rostral interstitial nucleus of the medial longitudinal fasciculus to coordinate horizontal and vertical movements. The second is to the ipsilateral abducens nucleus and from there, via internuclear neurons, to medial rectus motoneurons of the contralateral side to direct horizontal gaze to the ipsilateral side (Buttner-Ennever and Henn, 1976) . In addition, descending pathways to the medulla oblongata have been observed (ButtnerEnnever, 1977 (ButtnerEnnever, ,1979 . Essentially the same anatomical connections have been found in the cat (Graybiel, 1977a, b) . Functional subdivisions of the PPRF as suggested by physiology have not yet been determined anatomically. Single neuron studies in this area in the monkey showed a diversity of eye movement-related neurons Luschei and Fuchs, 1972; Keller, 1974) .
The generation of rapid eye movements consists of several parallel processes. In separate channels the geometric parameters of horizontal or vertical movement components are elaborated, and in a further channel timing and coordination of movement components are effected (Robinson, 1975; Keller, 1980 Keller, , 1981 Hepp and Henn, 1983) . For horizontal movements the earliest information can be found in the rostral PPRF. Neurons there are mostly of the long-lead burst type, that is, they are activated more than 12 ms before the onset of a saccade and they fire maximally for movements of a specific amplitude and direction. This information is transmitted to the caudal PPRF. Neuronal activity there has latencies shorter than 12 ms on average, and neurons increase their firing rate with an eye displacement in the pulling directions of the eye muscles. In the medial PPRF a high percentage of neurons are pause cells: they fire continuously with a frequency of 150 to 200 Hz during fixation periods or slow eye movements, and are totally inhibited immediately before and during rapid movement. These neurons, together with their mirror image neurons which exhibit a short burst with movements in all directions, could coordinate the onset and the combination of horizontal and vertical movement components. Neurons in the rostral iMLF have not been explored in such great detail. They seem to contribute the vertical counterpart to the neurons in the caudal PPRF for horizontal movements.
Based on this scheme different deficits would be expected when lesions are placed in subdivisions of the PPRF. Some preliminary results have been reported (Henn et al., 1982a, b; Lang et al., 1982) .
METHODS
Experiments were performed on 5 juvenile Rhesus monkeys (Macaca mulatto) and 1 Cercopithecus aethiops. Under halothane-nitrous oxide inhalation anaesthesia, initiated by pentobarbitone, the following items were permanently implanted: (1) a receptacle which later held the microdrive with the microelectrode placed stereotactically over a trephine hole; (2) silver-silver chloride electrodes around the bony orbit for monitoring eye position; and (3) bolts attached to the skull to fix the head during experiments. The experiments were started about a week after this operation. One animal was trained to fixate a stationary or moving light according to the paradigm of Wurtz (1969) . In the other untrained animals eye movements were calibrated by animal rotation at a constant velocity of 30 deg/s about their vertical and horizontal axes. Optokinetic nystagmus (OKN) then has a gain of unity (Cohen et al., 1977) . Usually, 1 mV of induced electro-oculogram (EOG) voltage corresponds to 12 deg position change in the horizontal, or 15 deg in the vertical direction. Such measurements were taken repeatedly before the lesion for each animal and used as calibration for postlesion measurements. In all animals, single unit recordings were obtained prior to the lesions and will be reported elsewhere.
Chemical lesions were produced with kainic acid (Coyle et al., 1978; McGeer et al., 1978) . It was concentrated to 4 to 8 ftg//xl, was dissolved in 0.2 M phosphate buffer, and had a pH of 7.4. The total amount of injected kainic acid was between 0.8 and 1.6 fA. The region was identified by single unit recordings with tungsten electrodes advanced through a guide tube with an outer diameter of 0.9 mm. Then the electrode was withdrawn with the guide tube left in place. Subsequently the glass micropipette was advanced through the guide tube with the tip protruding the same length as the tungsten recording electrode. Immediately before the injection dexamethasone was given (4 mg i.m.). The entire volume of kainic acid was delivered in several steps over a period of 20 to 30 min. With a successful injection deficits appeared within 30 min, usually quickly increasing to a total ophthalmoplegia. Animals then received 5 mg diazepam i.m., in an attempt to prevent generalized seizures. Within 24 h symptoms gradually regressed to a state in which deficits were unchanged over the observation period of several weeks. Animals were tested clinically on a daily basis. More extensive testing with quantitative monitoring of eye movement during vestibular and optokinetic stimulation was undertaken at least every week. Film records were made of the eye movements during spontaneous movements and during animal rotation in the light. In some animals single neuron recordings were performed in other undamaged oculomotor areas of the brainstem. After a survival time between one and six weeks, the animals were killed. Under deep pentobarbitone anaesthesia they were perfused with 200 ml of 6 per cent plasma expander (dextran) containing 2 ml of heparin (10 000 units). This was followed by 4 per cent paraformaldehyde in phosphate buffer at pH 7.4. Afterwards the brain was kept in fixative for about 16 h and finally transferred to a 0.1 M phosphate buffer, 30 per cent sucrose, solution for two to three days. Frozen sections of 30 ftm thickness were cut in the coronal plane, extending from the nucleus prepositus hypoglossi to the posterior commissure. Every third section was stained with cresyl violet and luxol fast blue for cell bodies and myelin. One animal was processed for electron microscopy with special perfusion and fixation techniques.
RESULTS

Neuropathology of Kainic Acid Lesions
The morphology of kainic acid lesions showed time-dependent changes. Within a survival time of one week, severe neuronal cell loss, infiltration of perivascular mononuclear cells and some microglial cells were observed. After a survival time of three to four weeks the lesions contained predominantly macrophages and were relatively well demarcated from the neighbouring brain tissue ( fig. 3 ). With a survival time of six weeks, proliferation of astrocytes was predominant. In all cases there was virtually a complete loss of neuronal cell bodies within the lesions. Luxol fast blue staining revealed some preservation of myelinated fibres. Specifically, abducens nerve rootlets traversing one lesion stained positively with luxol fast blue. Electron microscopic examination of one case showed some myelin breakdown within the lesion, but many myelin sheaths remained unaffected.
Unilateral PPRF Lesions
Three animals were studied in this group. Neurological deficits were the same in the two animals with caudal lesions and were also the same as described earlier for electrolytic lesions. The clinical findings were that all rapid eye movements towards the ipsilateral side were lost. The eyes were mainly held in a paramedian position on the opposite side, and were not spontaneously brought into the ipsilateral hemifield. In total darkness there is spontaneous nystagmus towards the contralateral side. Only during strong vestibular stimulation did the eyes cross the midline into the ipsilateral hemifield, resulting in nystagmus to the contralateral side. It is remarkable that quick phases, starting in the 'paretic' field, appeared normal, as did the slow phases when the eyes moved widely across midline. Vertical eye movements seemed to be intact. This type of lesion, especially its deficits in relation to vestibular stimulation, has recently been described (Jaeger et al., 1981) . One important result was that dominant time constants of compensatory movements after vestibular stimulation remained symmetrical and in the normal range (10-40 s).
One animal with a unilateral rostral lesion was studied (H69). In a second operation, the lesion was later extended bilaterally so that the effect of a right-sided unilateral lesion could be observed for one week. The syndrome essentially exhibited all the features of a one-sided caudal PPRF lesion, except that in this animal fixation was intact and there was no spontaneous nystagmus in the light and even during some periods in the dark. This animal had previously been trained for pursuit eye movements. Tracking was normal in the contralateral hemifield, but was virtually impossible in the ipsilateral field. Any saccade, instead of correcting the pursuit path, usually shifted the eyes into the contralateral hemifield.
Bilateral Caudal Lesions
The lesion locations are shown in fig. 4 . In one animal (H72), the lesion extended bilaterally from the level of the nucleus prepositus hypoglossi almost to the level of the trochlear nuclei. On the left, small ventral portions of the medial vestibular nucleus were affected. The lesion in the second monkey (H64) was considerably smaller, involving mainly caudal parts of PPRF ventral to the abducens nucleus.
The most striking finding was the severe disruption of rapid eye movements in all directions. The normal pattern of fixation with interspersed rapid eye movements was lost. In the animal with the large lesion (H72), this disruption was virtually complete, while in the animal with the much smaller lesion (H64) some rapid eye movements of small amplitude and reduced velocity to the right could sometimes be seen. Usually the animals stared straight ahead. At times, in the vertical direction, the eyes moved at varying velocities without clear fixation periods and without a clear demarcation of rapid eye movements. Although velocities at times could reach those of saccades, the velocities were unpredictable for a given amplitude. The generation of rapid eye movements, either to change direction of fixation or as quick phases of nystagmus, was lost. Blinks were normal. Vestibulo-ocular reflexes (VOR) were normal both to rotations with a sinusoidal velocity profile or with step displacements. Notably, for sinusoidal stimulations, phase angles had not changed, and after velocity steps the eye could be held in the newly acquired eccentric position. These facts show that the velocity-to-position integrator was still functional. Thresholds for vestibular stimulation were raised. Exact measurements were not attempted, since slow drifting movements intervened.
Figs. 5 and 6 show some details of eye movement deficits of animal H72. In the light as well as in the dark the animal exhibited a staring straight-ahead look with little change in horizontal eye position, but at times irregular motions in the vertical plane. Film records as well as EOG recordings show that these vertical movements were executed with randomly varying velocities. The animal was unable to hold the eyes steady and to fixate. During rotation about a vertical axis to elicit the horizontal VOR, these irregular vertical movements were mixed with the horizontal compensatory movements. The horizontal VOR was basically intact. Eye movements were always in the compensatory direction and phase angle was small (zero phase angle defined as perfect compensation). At stimulus frequencies between 0.5 and 6 Hz the phase angle was, on average, not significantly different from zero, as in the normal animal (Bohmer and Henn, 1983) . Even allowing for some error in calibration, the VOR gain was near unity over a wide range of stimulus frequencies. This is shown in fig. 5 for stimulus frequencies between 1 and 3 Hz with some attenuation for a frequency of 0.5 Hz and 4 Hz. Results for the vertical VOR ( fig. 6 ) were similar, with phase angles around zero for stimulus frequencies between 0.5 and 6 Hz. In the low frequency range, there was an increasing phase angle which did not change after the lesion. If, during horizontal VOR testing, the stimulus amplitude was increased, the eyes remained in extreme lateral positions because there was no fast repositioning of the eyes until the stimulus movement direction was reversed ( fig. 7) . Gain measurements thus cannot be made at low frequencies. With low stimulus accelerations or velocities eye movements were irregular (e.g. 0.5 Hz in fig. 6 ). The threshold to elicit the VOR reliably was increased in all animals with caudal PPRF lesions.
During optokinetic stimulation the eyes deviated in the expected direction. If during sinusoidal stimulation the amplitude exceeded the range of normal movements, or during constant velocity stimulation, the eyes deviated towards a lateral position, and moved slowly towards midposition after the stimulus ceased. Animal H64 had a much smaller lesion. Some abortive rapid eye movements were possible vertically and towards the right. These movements were slowed, but could still be identified as rapid movements when occurring repetitively as in nystagmus.
Bilateral Rostral Lesions
The extent of lesions is shown in fig. 8 . In both cases, the lesions reached the level of the trochlear nuclei rostrally and extended about 2 to 3 mm caudally, not reaching the level of the abducens nuclei. The outstanding feature was loss of all rapid eye movements in the horizontal plane while vertical movements were little affected ( fig. 9 ). More specifically, in the vertical plane, velocities of rapid movements were slightly reduced; the VOR had normal gain and phase relationships, and optokinetic nystagmus was also normal.
During horizontal VOR testing with small amplitudes, the eyes deviated with a compensatory movement in the expected direction. If the stimulus amplitude exceeded the oculomotor range, the eyes deviated into an extreme lateral position and stayed there (see also fig. 7 ). Phase angles were in the normal range between 0.005 and 5 Hz ( fig. 10) . Notably in the frequency range between 0.2 and 5 Hz, phase angles were around zero, indicating normal compensation. This proves that the velocity-to-position integrator had remained intact. During steps of angular displacement, the eyes deviated in the expected direction and then stayed eccentrically. In the dark they drifted back towards the primary position with a time constant greater than 10 s. With a rapid succession of up and down eye movements, often combined with blinks, the animal was able to bring the eyes back towards primary position slightly faster.
Animal H69 had a very small lesion and had preserved some ability to generate rapid movements towards the right. Yet these movements were small in amplitude and did not exceed 3 deg. During large vertical eye displacements, however, or during blinks, the eyes could be moved to about 5 deg in the horizontal direction. fig. 7 ). The eye position turnaround point was taken as the first movement into the compensatory direction (dashed line in fig. 7 ). Dominant time constants calculated from the frequency at a 45 deg phase advance are indicated.
This animal had been previously trained to perform pursuit movements. From fig. 11 it is apparent that the eyes could reach velocities during pursuit surpassing those of the saccades. The animal could hold eccentric positions during fixation and could execute normal pursuit movements at least around ± 20 deg of primary position.
Is
-cl5°H . , _ r Stim. FIG. 11. Animal H69 with a small bilateral rostral PPRF lesion was trained to perform goal-directed saccades (left side of the fig.) or pursuit movements (right side of the fig.) . Stimulus light position is shown below eye position trace. In A, during a step displacement to the right, the animal is finally able to bring the eyes on target with a succession of small saccades. In the reverse direction there is one continuous slow movement over 2 s. In B, there are normal target saccades in the vertical direction. In c, the target is displaced in an oblique direction. It takes considerably longer to bring the eyes on target in the horizontal than in the vertical direction. A large vertical displacement or a blink actually helps to shift the eyes in a horizontal direction, D and E are horizontal pursuit movements, in which the animal far exceeds velocities obtained in A during step displacements.
DISCUSSION
In the current study lesions were placed in the brainstems of monkeys in an attempt to elucidate structure function correlations pertaining to eye movement disorders, especially gaze palsies found clinically. The novel technique in this study is the prior identification of areas with single unit recordings, and the use of kainic acid injected locally to destroy mainly the cells in a particular region of the brainstem while sparing fibres of passage.
With kainic acid lesions we were able to reproduce clinically encountered brainstem syndromes, and to obtain additional information about eye movement deficits. In clinical cases such isolated lesions are rare, or eye movement recordings cannot be obtained in conjunction with post-mortem findings, eliminating the possibility of a causal analysis. Especially with bilateral lesions, patients are often in such poor general condition that extensive testing cannot be undertaken.
Morphology of Kainic Acid Lesions
Light microscopic examination of kainic acid lesions showed a virtually complete loss of neuronal cell bodies with preservation of fibres of passage. This is in accordance with previous reports (Coyle et al., 1978; McGeer et al., 1978) . In our study, however, higher concentrations of kainic acid were required to induce clinical deficits in the oculomotor system of monkeys than were necessary to cause intrastriatal lesions in rats. This possibly reflects a reduced number of kainic acid binding sites in the pons as compared to the striatum, as indicated by kainic acid binding studies in different species (Henke and Cuenod, 1980) . With the relatively high concentrations of kainic acid used in this study, although some damage to myelinated fibres was induced, many fibres of passage remained intact. Specifically with caudal PPRF lesions, abducens rootlets appeared normal in a myelin stain preparation; during horizontal VOR testing, both eyes deviated over the full range with equal velocity, indicating normal function.
Only one brain was processed for electron microscopy. It confirmed the findings of the myelin stains observed by light microscopy. There were many fibres of normal appearance, but an exact fibre count was not considered essential for this study.
Experimental Gaze Palsies
Unilateral PPRF lesions. Eye movement deficits after unilateral lesions of the PPRF in monkeys have been fully described (Bender and Shanzer, 1964; Cohen et al., 1968 ). Subsequently we have extended this work to recording single neuron activity in other unaffected regions to study the altered information processing (Jaeger et al., 1981) . In brief, in the contralateral PPRF, activity still precisely reflected the occurrence of eye movements. For example, strong correlations existed between vector components of a movement and parameters of single neuron activity. Unit activity was always accompanied by an eye movement. In particular, pause neurons exhibited their pauses only when eye movements actually occurred, which was possible only into the contralateral side or in a vertical direction.
Single neuron recordings in the vestibular nuclei showed that all rapid eye movement information towards the ipsilateral side was absent, while that for movements in other directions was still present. During vestibular or optokinetic nystagmus, neurons exhibited the typical tonic increase or decrease of activity. In the normal monkey, the firing pattern of about 50 per cent of vestibular nuclei neurons is also modulated with rapid eye movements. This modulation was still present for movements towards the contralateral side or in the vertical direction. During any stimulation which would have resulted in nystagmus towards the ipsilateral side in a normal monkey, neurons displayed only a tonic frequency change with a conspicuous absence of any nystagmic modulation.
An important result of the unilateral kainic acid lesions was that the deficits are identical to those of previous electrolytic lesions. The earlier interpretations can therefore be fully confirmed: there are cells in the PPRF which are responsible for generating rapid eye movements in the horizontal plane towards the ipsilateral side. After destruction of these cells, there is no activity which could be interpreted as a 'desired but unexecuted motor command' to the ipsilateral side in other structures of the brainstem such as the contralateral PPRF or the vestibular nuclei.
Bilateral PPRF lesions. These gave two basic results.
(1) Bilateral caudal lesions lead to a disruption of rapid eye movement generation in all directions, and (2) bilateral rostral lesions lead to a loss of rapid eye movements only in the horizontal direction. An immediate deduction is that there must be functional subdivisions of the PPRF. Single neuron recordings, as described in the Introduction, support such subdivisions. There is a concentration of pause neurons in the mediocaudal part of the PPRF. Their possible coordinating and trigger roles have been discussed (Keller, 1977; Raybourn and Keller, 1977) .
The rostral PPRF contains mainly long-lead burst neurons with ipsilateral ondirections (Hepp and Henn, 1983) . Neurons fire maximally for movements of specific amplitudes and directions; they are similar to neurons found in the superior colliculi (Wurtz and Goldberg, 1972; Mohler and Wurtz, 1976; Mays and Sparks, 1980 ). Our results demonstrate that bilateral destruction of these cells in the rostral PPRF leads to a loss of all rapid eye movements in the horizontal plane with only a slight reduction in the velocity of vertical eye movements. Animals can also fixate their eyes in various vertical positions. Although rapid eye movements are lost, pursuit movements in the horizontal plane appear normal (animal H69). This emphasizes the dichotomy in the generation of visually evoked slow and fast movements. In our example the velocity of horizontal pursuit reached much higher values than eye movements in response to sudden target displacements.
We can deduce that at this premotor stage, horizontal and vertical rapid eye movement generation is separate. The parametric elaboration of vertical eye movements therefore has to be localized to cells in the rostral iMLF (ButtnerEnnever et al., 1982) .
Bilateral caudal PPRF lesions lead to a total disruption of rapid eye movement generation in all directions. Similar results with electrolytic lesions was mentioned by Bender and Shanzer (1964) , but have not been fully documented. The deficit in rapid eye movement generation can be explained by the activity patterns of the neurons which are lost. An intermediate stage of information processing linking the rostral PPRF to the motoneurons as final common pathways is lost. No rapid eye movements can therefore be generated in the horizontal plane. The additional destruction of pause cells in the medial PPRF leads to a loss of the coordinating and timing mechanisms. Neurons in the rostral iMLF, although they supposedly receive an independent parametric input for vertical movements, process this information in such an asynchronous way that the eyes can neither be held stationary in a fixation period nor can they be moved with maximal velocity and high precision as during a rapid eye movement. Some exploratory single neuron recordings in the rostral iMLF in two animals tend to support these considerations.
In all animals, with both unilateral and bilateral lesions, the velocity-to-position integrator was intact. Activity in the PPRF relates only to parameters of rapid movements. However, the eyes have to be held in the new position after the movement. This requires a new set of innervation for the extraocular muscles which is reflected in their different degree of tonic activity during fixation periods. This process of obtaining position information out of a velocity signal is, in mathematical terms, an integration.
It was especially clear in bilateral lesions that this integration process was intact. The eyes could be held in eccentric positions. Also, during vestibular testing, the eyes made fully compensatory movements during step displacements as well as during rotation with sinusoidal velocity profiles. In the vestibular system, over a wide range, information about head motion is coded in terms of a velocity signal. Again, this signal has to be integrated to excite ocular motoneurons with the appropriate firing frequency to move and hold the eyes. Any deficit in this integrator would easily be seen in a phase shift between turntable and eye position, which was not the case. These considerations exclude the PPRF as a site for such a velocity-to-position integrator. Its location remains unknown. By exclusion, the nucleus prepositus hypoglossi is a possible candidate. It is also conceivable that neuronal networks, not confined to one restricted area, are responsible for this process.
Human Pathology
Unilateral pontine lesions with loss of rapid eye movements towards the ipsilateral side were described in the last century (Bleuler, 1885) . Several reviews summarize the clinical literature (Freeman, 1922; Crosby, 1953; Bender, 1980; Henn and Buttner, 1982) . These clinically observed deficits were the starting point for all animal experiments. Deficits in human eye movements after pontine lesions are identical to those in monkeys. In the human cases the cause is often a large destructive lesion. Additional deficits are therefore frequently encountered, but are not consistently present. These include abducens palsy, facial palsy, and loss of the vestibulo-ocular reflex (Holmes, 1921 (Holmes, , 1931 Freeman et al., 1943; Jung and Kornhuber, 1964; Hoyt andDaroff, 1971; Pierrot-Deseilligny et ai, 1981 , 1982 .
Bilateral pontine lesions are exceedingly rare or patients are so severely ill or comatose that they cannot be appropriately tested. There are a few reports of bilateral lesions with global gaze palsy, sometimes only transient (Hoyt and Daroff, 1971; Christoff, 1974) . One recently described patient had a documented lesion restricted to the pons (Larmande et al., 1982) . This patient, besides her total horizontal gaze palsy, had slowing of saccades in the vertical direction, absent vestibular responses, slow deviations only during OKN without rapid phases, but normal vertical pursuit movements. Another case had a bilateral metastatic tumour in the pons with preservation of vertical movements (Pierrot-Deseilligny et al., 1984) . We recently observed a patient with an acquired bilateral horizontal gaze palsy with intact vertical rapid and command movements on clinical testing. The patient was too ill for more formal quantitative testing. In summary, clinical cases with bilateral pontine lesions are inconclusive. Our hypothesis would offer an explanation for the fact that in some cases vertical eye movements have been found to be normal and in others affected.
A familial disorder with congenital absence of all horizontal eye movements, but intact vertical movements, has been described by several authors {see recent review by Vetterli and Henn, 1981) . It is usually combined with bony abnormalities of the spine such as kyphoscoliosis or fused vertebrae. No autopsies on these cases are known and its neuropathology remains uncertain.
Chemical Lesions vs Structural Lesions
Kainic acid or electrolytic lesions of the caudal PPRF lead to identical deficits in eye movements. This proves that the symptoms are the result of cell loss in this region and not damage to fibre systems.
There seems to be no clinical syndrome which leads to an isolated cell loss in the PPRF. Several cases of congenital bilateral horizontal gaze palsies have been documented, but these are developmental disorders, with no available neuropathology. There are some degenerative diseases of unknown aetiology which exhibit cell loss in the PPRF in the context of a diffuse widespread cell loss such as progressive supranuclear palsy. However, the more common focal lesions encountered clinically are destructive. Structures in the immediate vicinity are therefore usually also involved. These include the abducens nucleus, the internal genu of the facial nerve, and vestibular projections in the MLF. The VOR is therefore often lost (Daroff, 1982) . However, as small electrolytic lesions have shown, unilateral caudal lesions are possible with an intact VOR (Jaeger et al., 1981) . The loss of the VOR might thus be a frequent sign of caudal PPRF lesions, but it cannot be considered to be obligatory.
One of our specific questions in undertaking this study was whether bilateral pontine lesions simply duplicate the symptoms of unilateral lesions or in addition lead to defects in vertical gaze. Surprisingly, we found that bilateral rostral lesions lead to a duplication of deficits, while caudal lesions lead to additional deficits of vertical gaze.
